Long-term climate data records often consist of observations made by multiple sensors. It is, therefore, extremely important to have instrument overlap, to be able to track instrument stability, to quantify measurement uncertainties, and to establish an absolute measurement scale traceable to the International System of Units (SI). The Moderate Resolution Imaging Spectroradiometer (MODIS) is a key instrument for both the Terra and Aqua missions, which were launched in December 1999 and May 2002, respectively. It has 20 reflective solar bands (RSB) with wavelengths from 0.41 to 2.2μm and observes the Earth at three nadir spatial resolutions: 0.25km, 0.5km, and 1km. MODIS RSB on-orbit calibration is reflectance based with reference to the bi-directional reflectance factor (BRF) of its on-board solar diffuser (SD). The SD BRF characterization was made pre-launch by the instrument vendor using reference samples traceable directly to the National Institute of Standards and Technology (NIST). On-orbit SD reflectance degradation is tracked by an on-board solar diffuser stability monitor (SDSM). This paper provides details of this calibration chain, from prelaunch to on-orbit operation, and associated uncertainty assessments. Using MODIS as an example, this paper also discusses challenges and key design requirements for future missions developed for accurate climate studies.
INTRODUCTION
Detection of climate change requires data records on a temporal scale of decades or longer. Consequently, existing longterm data records derived from remote sensing observations often consist of data collected by multiple sensors on multiple platforms. These sensors could be of the same type or different types. It is, therefore, extremely important to have consistent observations from different sensors. From an instrument operation and calibration perspective, this requires having instrument overlap to be able to track instrument stability, to quantify measurement uncertainties associated with the entire calibration chain, and to establish an absolute measurement scale traceable to the International System of Units (SI). The need for high quality long-term climate data records, the accuracy requirements for sensor observations, and practical implementation strategies have been well documented based on the input from a broad science and user community [1] [2] [3] . Much progress has been made in recent years in the area of sensor calibration intercomparison. Different methodologies have been developed and applied in these studies, including using the simultaneous nadir overpasses (SNO), an intermediate on-orbit transfer sensor, the Moon, and pseudo-invariant ground test sites [4] [5] [6] [7] [8] [9] [10] . Despite careful considerations and extensive efforts made to analyze and utilize the data from different sensors, a lack of stringent calibration requirements and calibration traceability have often limited the quality of calibration inter-comparisons among these sensors and thus the efficacy of their merged data products.
The Moderate Resolution Imaging Spectroradiometer (MODIS) is a key instrument for the NASA EOS missions, currently operated on-board the Terra and Aqua spacecrafts. Launched in December 1999 and May 2002, Terra and Aqua MODIS have been making continuous observations for more than 9 and 7 years, respectively. Because of its design improvements made over heritage sensors, the MODIS data products are widely used by the science community for studies of the Earth's land, oceans, and atmosphere properties [11] . MODIS has 16 thermal emissive bands (TEB) and 20 reflective solar bands (RSB). This paper focuses on issues of MODIS RSB calibration traceability. The RSB cover wavelengths from 0.41 to 2.2μm (see Table 1 ) and collect data at three nadir spatial resolutions: 0.25km (bands 1-2), 0.5km (bands 3-7), and 1km (bands 8-19 and 26) . Their on-orbit calibration is reflectance based with reference to the bi-directional reflectance factor (BRF) of the instrument on-board solar diffuser (SD). The SD BRF characterization was made pre-launch by the instrument vendor using reference samples traceable to the National Institute of Standards and Technology (NIST). Its on-orbit degradation is tracked by an on-board solar diffuser stability monitor (SDSM). In this paper, we describe the reflectance based calibration chain for the MODIS RSB, from pre-launch to on-orbit, and associated calibration uncertainties. On-orbit calibration algorithms, key contributors to the calibration traceability, and their impact on RSB data quality are included. Using MODIS as an example, this paper also discusses challenges and key design requirements for future missions developed for accurate climate studies. 
ON-ORBIT CALIBRATION ALGORITHM
As described in a number of references, the MODIS Level 1B (L1B) uses a reflectance based calibration algorithm for its RSB on-orbit calibration [12] [13] [14] . Figure 1 illustrates how the MODIS on-board calibrators are used in the RSB calibration. The calibration coefficients are derived using observations from a solar diffuser (SD) and a solar diffuser stability monitor (SDSM). Also shown in Figure 1 are a blackbody (BB) used for the TEB calibration, a spectroradiometric calibration assembly (SRCA) for the spectral (RSB only) and spatial (both RSB and TEB) characterization, and a space view (SV) port for measuring the instrument background. MODIS RSB calibration is referenced to the BRF of its on-board SD panel. The L1B primary data product for the RSB is the reflectance factor, ρ EV cos(θ EV ), which can be expressed as,
where ρ EV is the Earth view (EV) scene BRF, θ EV is the solar zenith angle of the EV pixel, m 1 is the reflectance based calibration coefficient derived from SD observations, d ES(EV) is the Earth-Sun distance in AU at the time of the EV observation, and dn* EV is detector digital response to the EV with corrections applied for the instrument background, the instrumental temperature effect, and the response versus scan angle (RVS). Specifically,
and
Similar to the definitions used for the EV calibration parameters, ρ SD is the SD BRF determined from pre-launch characterization, θ SD is the solar zenith angle of the SD panel, d ES(SD) is the Earth-Sun distance in AU at the time of the SD observation, and dn* SD is detector digital response to the SD with similar corrections applied to the EV pixel. For MODIS RSB high gain bands (8) (9) (10) (11) (12) (13) (14) (15) (16) , a solar diffuser screen (SDS) is placed in front of the SD panel; thus a SDS vignetting function, Γ SDS , is needed. For the bands calibrated without the SDS, Γ SDS = 1. On orbit changes in the SD BRF are monitored by the SDSM during each SD calibration. This is expressed by a SD degradation factor, Δ SD , in Eqn. 2. In Eqn. 3 and 4, dn EV and dn SD are detector digital responses to the EV and SD with instrument background subtracted; k INST is the instrument temperature correction coefficient; T INST_EV and T INST_SD are the instrument temperatures at the time of EV and SD observations; T INST_REF is the instrument reference temperature; and RVS EV and RVS SD are the RVS at the EV and SD view angle of incidence (AOI). Since the on-board SD is used to determine and update RSB on-orbit calibration coefficients, the RSB RVS is conveniently normalized at the SD AOI; thus RVS SD = 1.
MODIS L1B also provides a radiance product for the RSB. It is converted from the reflectance factor using the following expression,
where E SUN is the solar irradiance normalized at 1AU and weighted by the detector's relative spectral response (RSR). The solar spectrum used for MODIS RSB radiance is a combination of Thuillier et al. (1998) 
CALIBRATION TRACEABILITY
In this paper, traceable calibration refers to comparisons with traceable standards or reference materials from national or international standards institutes or laboratories; and traceability refers to an unbroken chain of comparisons with stated uncertainties. As shown in Eqn. 1 and 2, MODIS RSB calibration is referenced to the SD BRF. Detector responses to the SD and EV are used to compute the EV reflectance factors relative to the SD BRF. Since the SD BRF was characterized pre-launch, its on-orbit changes must be monitored and corrected. This is accomplished by an on-board SDSM, which, by itself, is a ratioing radiometer. Since detector responses to the SD and EV are recorded at different times, they must be corrected for the impact due to different instrument temperatures. In addition, a RVS correction is applied to account for the SD and EV AOI differences.
SD BRF
The SD BRF is the most important calibration parameter for the RSB calibration traceability. It was characterized prelaunch by the instrument vendor using a scattering goniometer in a comparison mode. The laboratory standard used was a 2x2 inch Spectralon sample which was characterized at NIST in the wavelength region from 0.4 to 1.7μm. The NIST BRF scale was transferred to the SD prior to and after MODIS SD BRF characterization. There were several steps involved in this process and their corresponding uncertainties are summarized in Table 2 , including the NIST reference uncertainty, the scale transfer uncertainty from NIST reference to MODIS SD reference, the MODIS SD characterization uncertainty, and the uncertainty associated with the laboratory apparatus used for the SD BRF characterization (items 1-4). The uncertainties listed in column 3 were provided by the instrument vendor, Raytheon Santa Barbara Remote Sensing (SBRS). Item 5 accounts for the SD spatial non-uniformity and it was determined from the same BRF characterization over different locations on the SD panel. Item 6 is the uncertainty due to angular and spectral interpolation since the MODIS SD BRF measurements were only made at six wavelengths (0.4μm, 0.5μm, 0.6μm, 0.7μm, 0.9μm, and 1.7μm) and at a fixed viewing direction with 9 different illuminating directions (3x3 elevation/azimuth angles) covering the range of its on-orbit operation. Table 2 Summary of MODIS solar diffuser (SD) BRF characterization uncertainties and uncertainty elements associated with SD on-orbit calibration. The uncertainties are for k=1.
Both the Terra and Aqua MODIS SD went through the same process for their pre-launch BRF characterization. The results for bands 2 and 3 are illustrated in Figures 2 and 3 for Terra and Aqua MODIS, respectively. In addition to the uncertainties involved in the SD BRF calibration, a 0.5% uncertainty (item 7) was estimated to account for the changes in the SD BRF from its pre-launch characterization to the initial on-orbit operation or the beginning of its degradation monitoring. Item 8 is the uncertainty from SDS characterization (Γ SDS ), and it only applies to the bands which require the use of SDS for their calibration. Item 9 refers to the uncertainty of tracking SD BRF on-orbit degradation (Δ SD ). This is accomplished using measurements made by the on-board SDSM. The SDSM is an independent ratioing radiometer, which has 9 filtered detectors covering wavelengths from 0.41 to 0.94μm. It is operated during each regularly scheduled SD calibration event and makes alternate observations of the Sun and the sunlight reflected from the SD panel. For each SDSM detector, the time series of the ratios of its SD view responses to its Sun view responses is used to determine the SD degradation at this detector's wavelength [15] . Other uncertainty elements, which could impact the quality of SD onorbit calibration, are also listed in Table 2 (items 10-12). They were estimated initially by the instrument vendor using a geometric ray tracing model to account for the stray light and Earthshine effects. More details can be found in a number of publications as well as instrument vendor's internal technical memos or deliverables [16] [17] [18] . 
RVS Characterization
MODIS is a scanning radiometer. It makes observations of the Earth's surface over a scan angle range of ±55° via a twosided scan mirror. On-orbit SD calibration, however, is only performed at a fixed angle of incidence (AOI) to the scan mirror. As a result, the sensor's response versus scan angle (RVS) is also a critical calibration parameter. For both Terra and Aqua MODIS, the RSB RVS were measured at sensor system level under ambient conditions. Depending on the responses (gains) of individual spectral bands, different SIS lamp configurations or radiance levels were used. For a given SIS illumination level, each detector's relative responses at different AOI were analyzed to derive its RVS. Repeated measurements at a fixed AOI were also made for tracking changes in the calibration source. The RSB RVS results for the VIS and NIR spectral bands are presented in Figures 4 and 5 . For application convenience, the RVS was normalized at the SD AOI at 50.2°. As expected, the RSB RVS is spectral band dependent as well as mirror side dependent. On-orbit changes in the RSB RVS are monitored using detector relative responses at different AOI.
Instrument Temperature Dependence
In general, RSB system level responses, which include contributions from detectors and electronics, are temperature dependent. On-orbit RSB calibration via the SD/SDSM system and the EV observations are not made at the same time or same instrument temperatures. For high quality calibration, a temperature correction must be applied to the detector responses. As shown in Eqn. 3 and 4, the MODIS RSB calibration algorithm has included this correction by referencing to a common instrument temperature. The RSB temperature correction coefficients, in terms of changes per degree, were derived from pre-launch thermal vacuum (TV) radiometric calibrations performed at different instrument temperature plateaus (cold, nominal, and hot) for each band and detector. As expected, the temperature dependence characterization was performed with the sensor operated using primary (A-side) electronics as well as redundant electronics (B-side).
Currently, Terra MODIS is operated on-orbit with A-side electronics and Aqua MODIS B-side electronics. Their band averaged temperature correction coefficients for the 20 reflective solar bands are illustrated in Figure 6 . In general the changes for most spectral bands are less than 0.2 %/K. 
Others
For sensors used for on-orbit operation and EV observations, the calibration traceability, established thorough vigorous pre-launch calibration and characterization must be transferred to on-orbit operation and maintained throughout the entire mission. In addition to contributors listed in Table 2 , MODIS RSB calibration traceability requires tracking onorbit changes in the SD BRF (Δ SD ) and relative changes in the scan mirror reflectance (RVS). A complete RSB calibration traceability also includes measurement uncertainties from individual detectors during SD calibration and EV observations [19] . When converting MODIS L1B reflectance factors to the radiance products, the uncertainties in the solar irradiance as well as the uncertainties of the detector relative spectral response (RSR) must also be included. When comparing the top of the atmosphere (TOA) radiances recorded by different sensors, their choice of the solar spectrum must also be taken into account.
DISCUSSIONS
The MODIS SDS vignetting function, Γ SDS , was not characterized pre-launch. Because of this, a series of on-orbit spacecraft yaw maneuvers was carried out on-orbit. The SD observations with and without the screen in front of the SD, made during yaw maneuvers, were used to derive the SDS vignetting function. Its uncertainty, item 8 in Table 2 , was initially estimated to be 0.2% by the instrument vendor (under SBRS). On-orbit characterization performed by the MODIS Characterization Support Team (MCST), however, found that the calibration uncertainty due to the SDS vignetting function could be as high as 0.5% (column under MCST II). For the high gains, which use the SDS in their calibration to avoid detector saturation, there is an additional uncertainty.
The yaw maneuver data sets without the screen were also used to characterize the SD BRF uniformity. Shown in Figures  7 and 8 are the relative differences between pre-launch and on-orbit BRF for Terra and Aqua MODIS bands 2 and 3.
Compared to the pre-launch SD BRF characterization, on-orbit measurements were made over a broad range of solar angles. However, only relative BRF can be derived from on-orbit measurements since there is no absolute reference scale. Nevertheless, on-orbit BRF characterization results have demonstrated that the uncertainty due to SD BRF uniformity is typically less than 0.35%. This improvement was reflected in Table 2 item 5 (column under MCST I). In relative terms, the Terra MODIS pre-launch and on-orbit BRF have a better agreement. Both the Terra and Aqua MODIS SD are traceable to the same NIST reference standards. However, their BRF characterizations were made independently, and their values and measurement uncertainties may not be identical. As an illustration of the importance of calibration traceability, the Terra and Aqua MODIS pre-launch BRF differences are presented in Figure 9 . For band 2, the difference is small, less than ±0.2%; and for band 3, the difference varies from 0.6% to 0.9% with Terra being higher. Since on-orbit calibration is traceable to the pre-launch BRF, the combined BRF characterization errors will be contributed as a system level bias between the two sensors. It should also be pointed out that this system level bias depends on the SD view angles and could have seasonal variations. Based on sensor on-orbit performance, the stray light term and the Earthshine term in Table 2 are added together since their contributions are always in the same direction; and it is extremely difficult to separate them without comprehensive pre-launch characterization and measurements. As expected, their uncertainties are strongly wavelength dependent. For both Terra and Aqua MODIS, the SD calibration is scheduled and performed when the EV nadir is still dark (nighttime portion of the sensor orbit) and the impact due to the Earthshine through the EV nadir aperture door at different times should have no impact on the RSB calibration uncertainty. Figure 10 Mirror side differences of Terra MODIS RSB pre-launch RVS for the VIS and NIR spectral bands Figure 11 Mirror side differences of Aqua MODIS RSB pre-launch RVS for the VIS and NIR spectral bands
As a scanning radiometer, MODIS collects data using both sides of its scan mirror. As previously mentioned, the RVS characterization was made for each mirror side. Their initial differences based on the pre-launch measurements are illustrated in Figures 10 and 11 for Terra and Aqua MODIS VIS and NIR spectral bands. For Terra MODIS, the mirror side differences are typically less than ±0.4%, with an exception of band 8 at 0.41μm. On the other hand, the mirror side difference for Aqua MODIS is extremely small, typically less than ±0.1%. The RVS characterization errors, if different between the two sides of the scan mirror, typically lead to image striping. For comparison purposes, Figure 12 shows the RVS differences between Terra and Aqua MODIS VIS and NIR spectral bands. It is clear that the uncertainties associated with sensor dependent characterization can have a direct impact on the sensor calibration inter-comparison. Additional uncertainties due to on-orbit RVS changes must also be included in the RSB calibration uncertainty analysis [22] .
Similarly, the measurement errors (or uncertainties) in the sensor dependent temperature correction coefficients, once fixed based on pre-launch characterization, also have direct impact on the sensor calibration inter-comparison. As illustrated by the MODIS RSB calibration examples, it is not an easy task to establish and maintain the sensor calibration traceability since there are many steps involved, pre-launch to on-orbit measurements included. The signals for climate changes are typically very small and often require data records constructed by multiple sensors on a decadal temporal scale. This challenge has led to increasing demands on calibration accuracy, traceability, and data inter-operability for future sensor design and calibration requirements. Although recent technology development and measurement techniques have enabled some of the major uncertainties to be significantly reduced, it remains extremely difficult to achieve an uncertainty of less than 0.5% in reflectance measurements without using more direct solar calibration techniques. Figure 12 Terra and Aqua MODIS RSB pre-launch RVS differences for the VIS and NIR spectral bands (mirror side 1)
SUMMARY
This paper provides a brief description of the MODIS reflective solar bands (RSB) calibration algorithm and calibration traceability. For both Terra and Aqua MODIS, the RSB on-orbit calibration is reflectance based and is referenced to the on-board SD bi-directional reflectance factor (BRF) with its changes tracked by an on-board solar diffuser stability monitor. The reflectance calibration scale was transferred using reference samples traceable directly to the NIST standards. Using MODIS as an example, this paper illustrates the importance as well as the challenges of having instrument overlap, tracking changes in calibration parameters, and quantifying measurement uncertainties. For high quality sensor calibration inter-comparison and climate studies, it is extremely important for each sensor to establish an absolute measurement scale traceable to the International System of Units (SI). MODIS lessons have also demonstrated the need of improving RSB calibration approaches for future missions developed for high quality climate studies.
